better prepared to the environment experienced by the mother. However, evidence for 23 this is scarce. Here we test the consequences of a match or mismatch between mother 24 and offspring temperature conditions on growth, adult morphology and reproduction 25 into the grandchildren generation in the fruit fly Drosophila melanogaster. This 26 experimental design tests the relative contribution of maternal effects and offspring 27 intrinsic plasticity to the phenotypic response to temperature conditions. We 28 manipulated maternal temperature conditions by exposing mothers to either 18°C or 29 29°C conditions. Their eggs developed at a temperature that was either matched or 30 mismatched with the maternal one. Survival from egg to adult was higher when the 31 maternal and offspring environments matched, showing maternal effects affecting a 32 trait that is a close proxy for fitness. However developmental speed, adult size and 33 fecundity responded to temperature mostly through offspring phenotypic plasticity and 34 maternal effects only had a small contribution. The results provide experimental 35 evidence for maternal effects in influencing a potentially adaptive offspring response 36
to temperature in the model organism Drosophila melanogaster. These effects appear 37 to modulate early embryonic phenotypes such as survival, more than the adult 38 phenotypes of the offspring.
Introduction
Article Maternal effects related to temperature 6 stored at 25°C. Groups of 40 larvae were transferred to a single 25x95mm plastic vial 137 containing 6ml of food (referred to as food vial) and left to develop to adulthood at 138 25°C in a 12:12LD incubator. Virgin F1 females were collected from these vials at room 139 temperature (~22°C) using mild CO2 anesthesia (exposure for maximum couple of 140 minutes under minimal CO2 flow). 141
142

Treatment of F1 143
F1 virgin females were individually transferred immediately after collection to a 144 35x10mm Petri dish layered with 3 ml of food. The dishes were moved within an hour 145 of collection to either an 18°C or to a 29°C walk-in climate chamber with a 12:12LD 146 cycle. After 24 hours, two virgin males, offspring of the same F0 flies, that had been 147 raised and aged at 25°C in a 12:12LD incubator, were added to each dish to fertilize the 148 females. Twenty-four hours later, single females were transferred to individual dishes 149 with fresh fly food and a dab of yeast paste to stimulate egg laying. Females were then 150 allowed to lay eggs for 24hrs in either 18°C or 29°C conditions. 151
152
Treatment of F2 153
Eggs laid by F1 females at 18°C or 29°C were collected directly from the egg-laying 154 dish on this third treatment day and transferred to a vial containing 6.5 ml of food for 155 development. The brood was split by transferring half the eggs to the 18°C treatment 156 and the other half to the 29°C treatment ( fig. 1 ). F2 adults were collected at eclosion. 157
Mating assays were performed at the same temperature at which the offspring 158 developed and were set up by introducing one virgin female with one virgin male into 159 a Petri dish layered with food. F2 siblings treated in either matched or mismatched 160 conditions were mated with each other. After a single mating, females were transferred 161 to food vials housed at the same temperature at which they developed to lay eggs. 162
Females were transferred three times to a fresh vial at two days intervals to prevent 163 overcrowding of the food vials by larvae. The number of F3 adults was counted at 164 eclosion. 165
166
Offspring traits 167
Number of eggs 168
The number of eggs laid at 18°C and 29°C during a 24hr egg-laying period was counteddirectly in the egg-laying dish. 170
Egg volume measurement 171
One to five freshly laid eggs were collected hourly from single females at both 18°C 172 and 29°C (from 11 and 31 females respectively). The size of matched eggs was 173 measured immediately at collection. To rule out a potential direct effect of temperature 174 on egg size shortly after laying, mismatched eggs were measured 5 hrs after collection, 175 to allow time for temperature to potentially impact egg volume, and compared to 176 matched eggs. Eggs were photographed using a Leica MZ10F stereomicroscope 177 equipped with a Leica DFC450c camera connected to a computer running the Leica 178 Application Suit software. Egg Length (L) and width (W) were determined using the 179 software ImageJ (National Institutes of Health, Bethesda, MD, USA) on photographs 180 taken at 6.3X magnification. The volume (V) was determined by using formula 181
, 2009). 182
Survival from egg to adult 183 Eggs were collected as described above from single females at 18°C or 29°C, except 184 that the egg collection was limited to a single 4-hour interval. Slow egg laying by 185 females at 18°C resulted in an average of 7.5 (± 4.7) eggs collected per female (n= 81), 186 while faster egg laying at 29°C resulted in 37.6 (± 20.4) per female (n=81). Because of 187 the small number of eggs in this specific experimental setup, broods from single 188 females were not split, but instead randomly assigned to 18°C or 29°C conditions after 189 transfer to a food vial. Number of adults produced from these eggs was counted at 190 eclosion to determine the percent survival from egg to adult. 191
192
Developmental Time 193
To determine the developmental time from egg to adult, the time and date of laying of 194 eggs and that of adult eclosion were recorded. Groups of 15-40 eggs per female were 195 collected at 8-16 hours interval and transferred to a food vial. This time interval was 196 required to collect sufficient amount of eggs at 18°C, where egg-laying rate is slower 197 than at 29°C (Huey et al., 1995) . Development time was determined from the time eggs 198 were collected to the time the last adult from that group of eggs emerged. 199
To determine developmental time at 29°C more precisely, as development is faster 200 under this condition than at 18°C, single eggs were collected at one hour intervals and 201 exposed to matched or mismatched treatments. At the pupal stage, a Logitech webcam 202 controlled by the SecurityMonitor Pro software took pictures at 1-hour intervals to 203 determine the precise eclosion time. Red light was utilized to visualize pupae during the 204 dark phase. These data were used to confirm developmental time differences in 29°C 205
Match and 18°C -29°C mismatched conditions. 206
Wing size measurement 207
There is an association between size, fecundity and mating success in Drosophila; These maternal effects suggest anticipatory matching because a mismatch between 290 mother and offspring environments resulted in reduced offspring survival compared to 291 matched conditions at both 18°C and 29°C (fig. 2c ).
Offspring and maternal condition interact in determining developmental time 293
Eggs developing at 29°C developed faster than those developing at 18°C, irrespectively 294 of mothers condition, showing a strong direct effect of temperature on offspring 295 development (fig. 2d; table 1; table S1 ). In addition, statistical analysis indicates a 296 highly significant interaction between mother and offspring temperature conditions 297 indicating maternal effects on offspring developmental speed, in addition to the direct 298 effects of temperature on offspring development ( fig. 2d; table 1 ). The developmental 299 speed of offspring from mothers housed at 29°C, but who developed at mismatched 300 18°C, eclosed three days earlier than matched offspring from mothers housed at 18°C, 301 whereas this was not the case for the 29°C developmental condition ( fig. 2d) . 302
303
The measurement of maternal effects on offspring developing at 29°C are less accurate 304 that those at 18°C because of the greater speed of development. To verify maternal 305 effects on the development time of eggs housed at 29°C, and to estimate these effects 306 with greater accuracy, we collected eggs hourly and monitored development using ; table 1; table S1 ). The maternal effect, however, did influence developmental speed, 313 which is always faster in offspring from mothers housed at 29°C than offspring from 314 mothers housed at 18°C, irrespectively of the temperature condition of the offspring 315 themselves ( fig. 2d) . 316 317
Wing length but not width is influenced by maternal effects 318
Both wing length and size are significantly larger in individuals that developed at 18°C 319 compared to those at 29°C ( fig. 3 ; table 1), and females had significantly longer wings 320 than males ( fig. 3; table 1 ). There is therefore a strong influence of offspring 321 temperature condition and sex on size. However the wing length of both females ( fig.  322 3a) and males ( fig. 3b ) was also significantly influenced by maternal temperature 323 conditions (table 1). The observation that female offspring from mothers housed at 324 29°C always had shorter wings than female offspring from mothers housed at 18°C 325 indicates that maternal effects on female wing length might be carry-over effects fromthe temperature in which the mothers were housed. However maternal effects have a 327 different effect on male offspring than female offspring as indicated by the statistical 328 3-way interaction between maternal and offspring conditions and sex on wing lengths 329 as well as the post hoc test per sex indicating that in males, but not females, the mother 330 and offspring condition interact to determine wing length (table 1) . Male offspring from 331 mothers housed at 18°C have larger wings than male offspring from mothers housed at 332 29°C, but only when the offspring was exposed to 29°C. Indeed, wing length does not 333 significantly different between matched F2 males from mothers housed at 18°C or 334 mismatched F2 males that grew at 18°C but that are from mothers housed at 29°C (t-335 test with Welch's correction: t=1.303, df=79, P=0.196). The carry over effect from 336 mothers housed at 29°C observed in females thus appears to be partly compensated in 337 male offspring at 18°C. 338
339
There is no statistical effect of mother condition on wing width, neither by itself or in 340 interaction with offspring condition ( fig. 2c-d; table 1 ), but a strong effect of offspring 341 condition alone indicating that individual differences due to temperature conditions are 342 the result of intrinsic offspring phenotypic plasticity. 343
Reproductive performance of F2 offspring is unaffected by F1 maternal condition 344
We determined the fecundity of matched and mismatched F2 offspring in the context of 345 assortative sibling mating (fig. 4) . Statistical analysis indicated a significant effect of 346 F2 rearing condition but no effect of F1 mother condition (table 1) 
work in Drosophila, which studied the consequences of parental effects in response to 371 temperature on several phenotypic traits (Crill et al., 1996) and on fitness (Gilchrist & 372 Huey, 2001 ) and found evidence against adaptive matching but in favour for a higher 373 fitness of flies whose parents were in hot conditions. These studies, however, measured 374 fitness in terms of per capita rate of population increase but did not measure survival 375 from egg to adult as we did. 376
377
The relative larger egg volume of mothers housed at 18°C compared to mothers housed 378 at 29°C indicates that females provision eggs more at 18°C than at 29°C (fig. 2b) and a larger volume has a positive effects on embryonic viability and development rate, 385 hatchling weight, larval feeding rate, and larval and pre-adult development rates 386 (Azevedo et al., 2010) . This association between larger egg volume and higher survival 387 is observed in our experiments where the smaller eggs produced by mothers at 29°C 388 have lower survival to adulthood than those produced by mother housed at 18°C (fig.  389 2c). The low egg to adult survival at 29°C in our study is in keeping with previous 390 reports of lower viability in conditions above 28°C (Petavy et al., 2001 ). Another 391 possible explanation for the differential survival at the different temperatures are 392 differences in egg density due to lower egg-laying at 18°C than at 29°C; too manylarvae can affect viability through food limitation (Horváth & Kalinka, 2016) . The 394 mean number of eggs per vial was lower (~8) at 18°C than at 29°C (~20), but 395 corresponded to egg density that are far from leading to food limitation (starting at 175 396 eggs/vial) (Horváth & Kalinka, 2016) . The match-mismatch design indicates the 397 presence of anticipatory maternal effects because within one temperature condition, 398 offspring raised in conditions that match that of their parents are more likely to survive 399 development than those that are mismatched. This parental effect on survival is 400 substantial and larger than the direct effect size of temperature on offspring survival, 401
indicating the relevance of parental effect in offspring adaptation to temperature (table 402 S1). As survival is a close proxy for fitness, it suggests that anticipatory parental effects 403 can participate to evolutionary adaptation. composition could still be acting on growth. However, this effect is not anticipatory 450 matching but rather a carry-over effect because female offspring from mothers housed 451 at 18°C always have longer wings than offspring from mothers housed at 29°C ( fig. 4a-452 b). The carry over effect appears buffered in male offspring, since males that developed 453 at 18°C had similar wing lengths whether they originated from a mother housed at 18°C 454 or 29°C ( fig. 4a-b) . Males buffering carry-over maternal effects on wing length might 455
give them an advantage because male-male competition and female mate choice is 456 influenced by male wing and body size (Roff, 1986). However, males from mothers 457 to have changed again. A test of the adaptive value of these anticipatory effect will be 498 to demonstrate that the population used has been subject to natural selection in a 499 variable, but predictable, environment. As we used an inbred fly strains that has been 500 kept in the lab for a long time, we cannot reach this conclusion. 
